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SI ABSTRACT

second breakdown due to lateral thermal instability in power transistors operating

at low frequency. The method of analysis is to derive the steady-state

current density and temperature distribution of a given transistor design

under specified operating conditions and then calculate the response of

the device to an internally applied temperature impulse. The current flow

calculations ave-been carried out using a distributed transistor model

and a finite difference approach is used for the time-dependent heat flow

!I problem. The effect of device design parameters such as chip thickness,

base width, emitter width, base impurity concentration, etc., on the

J thermal stability has-been calculated. Also the effect on, transistor

stability of the current and voltage operating point, as •i as heat

sink temperature has-been. analyzed., Information on the Stability of a

power transistor under pulsed conditi6ns is derived by calculating the

time constant in the case of thermal run away. A si'mple experimental

technique for determining the temperature distribution on the surface of

a transistor chip under normal operating conditio'ls using liquid crystals,

has been developed. This, coupled with electrical voltage probing, permits

an estimation of the current density distribution in the transistor emitter
ii fingers. A test circuit has been constructed for the determination of the

power limitation due to second breakdown. DC and pulsed operation as well

as the temperature dependence cf this failure mechanism have been studied

in a preliminary way.
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Finally a method for calculating the stabilizing effect of emitter

resistor ballasting is indicated and a new technique for improvement of the

forward bias second breakdown behavior of transistors is proposed. The latter

method involves the use of a deposited thin film germanium resistor to

sense the temperature locally and to shunt to ground excess current which

may be drawn spuriously by a particular emitter finger.

ii
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i. INTRODUCTION

The primary purpose-of the work described in this interim report

is to investigate the factors which limit the maximum thermally stable

operating power of bipolar transistors, both theoretically and experimentally.

The results suggest practical devices designs which are optimized with

respect to the reliable operation of power transistors at low frequencies.

The power handling capability of a transistor operating as a switch or

amplifier is seriously limited by the phenomenon called "second breakdown".

This effect is believed to result from current concentration somewhere

in the device in high power operation, causing severe localized heating.

Consequently, the device characteristics are often irreversibly

degraded.

Due to this failure mode transistors available today are rather

limited in their high power capability compared to multilayer semiconductor

switches. For example thyristors are available, at a moderate cost,

which will handle several hundred amperes and block a thousand volts in

a switching application. However transistor switches which can operate

reliably at this power level are unavailable at present, mainly due to the

second breakdown failure mode. One major difference between transistors

and thyristors is that the current injected by the emitter of a transistor

is generally not uniform over the whole emitter area but is constricted

to the edges or center of the emitter causing local heating there. This

is in contrast to the uniform current emission over the whole cathode area

of a thyristor in the conducting state. Hence a substantial portion of

this research has been devoted to ascertaining both theoretically and
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experimentally the device design factors affecting the distribution of

current over the emitter area of a power transistor oparating in the

active region at low frequency.

Much progress has beefi made in recent years in obtaining a comprehensive

understanding of the basic nature of the instability problem observed in the

high power operation of bipolar transistors, referred to as second

breakdown. A survey of early studies of this phenomenon can be found in

a paper by H. A. Schaift [1]. The bulk of these studies indicate that

the nature of this instability is basically thermal in origin, deriving

from the large positive temperature coefficient of the transistor emitter

current. Power dissipated internally in the device, when put in operation

in the active mode, occurs mainly in the collector space-charge layer and

is given by the product of collector current and the collector voltage

across this region. This results in a thermal flux which is directed

back towards the emitter junction, heating it and causing additional current

to be injected towards the collector. The process then repeats itself

resulting either in the achievement of a steady-state current density and

temperature distribution or a potentially destructive thermal run away

situation. Also a spurious small temperature inhomogeniety (hot spot)

somewhere near the emitter junction can cause a severe localization of

current and hence a "lateral" thermal instability which grows exponentially

with time [2].

Analysis of this problem is complicated by the fact that the emitter

current density is never really uniform over the emitter surface in a

transistor operating in the active mode. A transverse voltage drop in

-2-
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the transistor base region due to base currefit flow tends to bias the

"citter current to the emitter edges. At high power densities noz-uniform

internal heating Will a2so affect the current density distribution in the

enitter. This cozolex Situation has-been analyzed-in sone detail using a

distributed transistor model [3.] The calculatibm provided a rough criterion

for thermal stability but ignored therwa interactions occuring under .

the transistor emitter.

A major purpose of this report is to describe a theoretical technique

for demonstrating in a aote precise manner, whether a specifically defined

transistor structure operating with a giveji collector current And voltage

is thermally stable. Only forward second breakdown will be considered

where the transistor is operating in the active mode. The compancnt of base
I

current due to collector leakage is not considered. The results of

calculations investigating the stability of a variety of transistor structures

wi~l be presented. The method used is to first establish the steady-state

current density and tert'era-ture distribution over the entire emitter junction
I.

of a transistor operating in the active region at- a particular power level,

according t6 a distributed transistor model [3]. Then a temperature impulse

is assumed somewhere near the emitter at alparticular instant in time.

The current densiiy and temperature redistribution due to thi3 heat spike

is tHen followed in time with the aid of a computer programtn Either the

effect of this disturbance will settle down in a finite period c-f time or

an instability will occur resulting in thermal run away. Since the current

density and temperature distribution are calculated after each small time

interval, this model can provide iriform.ation about the delay time

-3

I I

I I

A



.--r" .'• , - - -,. I• • • °• • • -- • > -

for thermal run awy. This data is very important in evaluating the

transistor's capability in pulsed operation.

A test circuit for experimmtally determining the therallr stable

power capability of commercially available power transistors operating at

low frequency is also teerein discussed. 7he results of such measurements

on a few device types are presented. The effect of device design, current

and voltage operating point and heat sink temperature have been thus

experimentally investigated for ultimate correlation with the theoretical

studies.

A technique has been developed to determine simly and inexpensively

the te=)erature and current density distribution in a power transistor in

operation. The method involves the coating of the transistor surfa:-- with

cholesteric liquid crystals which are tenperature dependent and assume a

particular characteristic color of the tenperature of the silicon chip,

locally. This permits visible observation of the temperature distribution

over the transistor surface. Electrical voltage probing along, the transistor

emitter fingersI coupled with the temperature data allowed the current

density values along and among the emitter finger to be calculated.

Methods for minimizing the thermal instability of a given transistor

structure were investigated. A technique was derived for calculating the value

of ballast resistor which must be placed in series with each emitter finger

to insure thermal stability by limiting the current carried by that finger

should it become higher in temperature than the other fingers. Also discussed

1. Devices with interdigited emitter structures were investigated.

4--



is a ne idea for zvoidin ther1 zum away wsiz-g a =tmeature S=Sitire

resistor to sINanr to Zrouzd excess base current 3ch will trend to be

I d--2 by excess teeratre rise at a p-r-iaiar site of an operating

transistor.

11- ¶HEO2EPHC.L P E ICrIVN OF SECOD3 B2E~EMO

A-.. Electric.l and Thermal yodel:

The device chosen for analysis is a nine-finger inrterdigite-d pcer

tra-sistor chip uhidch is shoun in cross section in Fig. 1. Since the

temperature of the innnermost eaitter finger teonds to be maximm., it is

expected that the thermal stability of this finger is most critical and

hence this center finger alone is annalyzed in detail. Only a -ao-dinensionl

model of the transistor cross section is asstmed and the non-uniformity of

current flow due to any voltage drop or temperature variation along the

length of the enitter finger is ignored.

The steady state current density and temerature distribution

transversely along the emitter base junction are calculated by using a

distributed model [5] of the active base region of the transistor. This

temperature dependent transistor aodel makes use of an isotherual ;odel

developed by Schlax [4]. The two dimensional transistor geoaetry considered

is shown in Fig. 2. The longitudinal direction is denoted by x-coordinate

and the trans5verse direction is denoted by the y-coordinate. In order to

calculate the current and potential distributions in the active base

region of the PNP device the following basic equations are used:

-5--
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The flow relatioms~

- ÷P-= - (1)
.Ca Q~~G Vn (2)

e e -e

Tme CGtity rea•- rio---shis (as0 m inm

q e t

*- _=_ (5)

Max~ell 's Eanatioas

-,+ -. 3

VX E =O0 (6)

Steady state conditions and the absence of non-equilibritm volme carrier

generation processes are assumed by equations 3,4, and 6.

The distributed nodel of the transist~or consists of a nimber of one-

diaensional transistors with their bases connected througb; discrete

rvsistors and with their esitters and collectors connected together as

shoun in Fig. 3. For the present analysis the active base region of a

P-P device is broken into forty increments of equal width w'hich o3rresponds

to forty-one parallel transistors.

Because of the non-linear nature of equations 1 - 6 at medium and

high levels of injection the following simplifying approximations and

S&e page 2Sff for definition of sydbols used.

-8-
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assiminueus aren ren

(1) The gol:=zii regrOioasbp is assumed to hold true aloag the base

emitter jr tion at: all injection lev~els.

(2) The Einstein relatoeship is ass~me to be trte everywhere in the

ative bzase region and emitter region.

(3) Q•si-neatrality is asstae to bold true at all iqjection levels.

(4) It is asstmnd that therre ir. a lincar gradient of mniarity and majorlity

carriers across the base width in each incrmt of the active base

region.

(5) The carrrier con-centratio-s 211ozg the eatire b-ase-collect-ar junction

are assumed =Hormn zd eg-,al to the equilibritm ca•rrier concentration

in tae aci-mre base region.

(6) The life-tie of nior-i-y carriers in the base and etitter are assumed

to be constant for all levels of current.

(77) Recoabination in &,e base-emitter and base-collector space-charge

regior lis neglected.

(8) 7he component of base cur-rent injected into the collector region is

assumed to be negligible in comparison with the total base current.

(9) The doping profile of the transistor structure is assumed to be unifors

in the emitter and base regions with an abrupt Junction between. The

emitter region is assumed to be very heavily doped with respect to the

base region and hence essentially equipotential.

(10) As shown in Fig 2, the device being analyzed is symetric about the

base midplane. Therefore only half of the active base region need

be analyzed. The transverse base current at the nidplane is zero.

-10-



(11) The base 'i~dth is sstmwd to be fixed and independent of operating

comditions.

(12) The transverse minority carrier cmrrent in the base is assimed to

be zero.

(13) •he total loagitudinal majority carrier current density is assu=ed

to be much less than either its drift or diffusion comment.

By using the asstmrtion that the longitudinal (x-direction) mjority

carrier current is much less than either its drift er diffusion components,

the longit al and transverse coarmonents of electric field are e.pressed

_4] by

E (x'y) = In nx,y) (7)

x a x

E (xy) - • ny In n~x,y) + K Iy (w,y) (8)

where p and n are the minority and majority carrier concentrations and

Po(w,y) is the equilibrium hole concentration on the base side of the

base eaitter junction which is assuned to be equal to the equilibrius

hole concentration i-n the base region (i.e., Po{W'y) 1 0o-n2n

Substitution of the equations (7) and (8) into equations (1) and (2) give

the following expressions for the •inority and majority carrier current

densities in terms of carrier concentration:

S=ln[p(x,y)n(xy)] (9)

Je(x,y) = qD n(x ln[p(wy)n(wy)] - n[P (w,y)]1(1O)ey e dy 0

-11-



Where

SL eeis the diffusion lengthl of electronus in enitter region

iee = Pee /YJ

at low lev¢els of injection and

p eo is the equilibrium hole concentr-ation in the eaitter region.

The Einstein relation [ DeIe = fyh/ph = k•T/q I is assumed valid for non-

equilibrium condiitions.

The incremental resistors, R11, which separate the one-dimensional

transistors, are deterained by assusing a linear distribution of electron

concentration across-the base and by" usin~g the average electron concentration

i to define the electron conductivity by

a qu n (12)
SO~~e =qe nav.e

S•where

n 0.S[n(w, Iby) + no I < I < N (13)
nAve 0 -

and

AY H (14)Ny~

Thus, the incremental resistors can be expressed as follows:

RI = Ay (15)

where

CFI is the average conductivity of the Ith increment,
e

-12-



q is the electronic chaige

n is the average electron concentration in the- Ith increment,jave
jno is the equilibrium electron concentration- in the active base,

i the mobility of electrons in Ith increment
e

H is half the emitter finger width,

N is the number of increments of half the. active base, chosen to be

20 for-the-present analysis,

w is, the base wiath

and L is the emitter finger length.

IIThe carrier mobility 11 e is assumed to be a junction of n ave The following

functional relationships given by Smythe [5] are utilized:

"Pho
"Ih = (16)

I1 + ahn(x,y)/no

and

Pe = 1 eo (17)F + aen(xy)/n
0

where

Uho

a. = Ph20 [no - PO] (18)
1.5 x 1

and
Peo 

( 9ae -h P-- ho9

Pho and Veo are the low level injection hole-and electron mobilities

respectively and n is the majority carrier concentration. For the present

analysis n(x,y) is taken as the average electron concentration in nach

-13-



increment and is given by Equation 13. By using týhe Einstein relation

[D /p = Dh/ = kT/q] and Eqs. (16) and (17), sifillar functional relationships
e e li

for the electron and hole diffusion constants are obtained.

In order to determine the transverse potential drop in the base region

from the emitter center to emitter edge, the incremental voltage drops

across the incremental resistors are summed. The -base current of each

incremental device is assumed to be composed of two components

II =I I1 2 < I < 20 I2)
b be br

I O.(I + I f 1
Ib = be b for I 1,21,

. Iwhere
I is the total base current of the Ith incremental transistor,
b

I'be is the portion of I b injected into- the -emitter regicn,

br is the portion of I which recombines with holes in the basebr isteprino b

region and where 11 and 1b are divided by two due to symmetry.

The emitter back injection current of electrons for each increment is given

by [4)

II = LYIy)(21)

be L1 y Jex(WI°Y)

After substituting for Jex from Equation (11), the above equation becomes

I L1 AyqDee p(w. IAy)n(w. IAy)
Sbe Lpee eo

The bulk recombination current is calculated by approximating the minority

carrier concentration in each increment by a linear distribution as follows:

Sii qwL Ayp(W,IAy)
1br = 2 (23)

h
-14-



where T h is'the lifetime of holes in the base region.

"At low levels of injection the'"emitter defect" [6] is defined as

-. Ibe
DEFECT =b (24)

fb

where Ib is the total base current and Ibe is the portion injected back.

into the emitter. The analytical expression for low level-defect is

given by [4]

DEFECT = (25)
1 + WLeepeo

2DeeTh n(wo)

The total base current contribution for each incremental transistor

is given by I I However, the total current flowing through each incremental

resistor is the sum of the base currents contributed'by each preceeding

devices. Therefore the current flowing in each resistor is expressed as

I + I < I < 19 (26)
R I R1 b I

and I = 1  (27)

Since the transverse base current is composed of diffusion and drift

components, the incremental voltage drop across each incremental resistor

is defined as:

I

AV, = Yd I (28)

where Drift(w, IAy)

I A ey(Ydr ='(29)
J ey(W,IAY)

I

Here ydr is the fraction of the transverse base current that is drift current

in Ith increment and satisfies the condition

-is-



0.5 < Y 1 (30)= dr <

For low levels of injection Ydr = 1.0 .and for high levels of injection

adr =0 .5 [4].

J ey(w,IAy) is the transverse electron current density in each increment

and J Drift (w,IAy) is the drift component of transverse electron current
ey

density.

Using the Boltzmann relationship and knowing the difference in potential

between two discrete points along the base-emitter junction and the minority

carrier concentration at one point, the minority carrier concentration at

the second point is calculated as follows:

qV I+l
p(W,(I+l)Ay) = Clexp [kT (31)

and p(w,IAy) = CeXp[I (32)
IkTI

where

C1 is a constant proportional to the reverse saturation current,

V1 is the junction voltage at a discrete point along the base-emitter

junction,

and TI is the temperature (OK) at a discrete point along the base emitter

junction.

Assuming the entire transistor to be an isothermal region

TI = TI+1 = T

and from equations (31) and (32)

p(w, (I+l)_y) e qV 1+1
p(w,IAy) =exp[ kT (33)

"-16-



where

The assuvption that the emitter is isothermal is foid to be reasonable

at high current levels for values of collector voltage aproaching zero only,

and as the value of the collector voltage Vý_ is increased, the d.c. heat

dissipated in the col.ector space-charge region canses a transverse thermal

gradient along the en.tter-base junction [3].

The temperature distribution in the base region is obtained by solving

the heat flow problem in the power transistor structure by finite diiierence

method [7]. The tw'o-dimensional region considered for the heat flow problen

is shown in Fig. 4 with assumed boundary conditions. DWe to symmetry

3T(xO)./y = 0. It is also assumed that aTx,L)/ay = 0 half wa-y between the

edge of the center emitter and the edge of the adjacent emitter, considering

that most of the heat generated goes into the heat sink and very little is

radiated from the edges of the chip. The heat sink is assumed to be held

at a uniform fixed temperature, TS. Assuming that the inter-nal heat

generated by the transistor occurs mainly at the base collector junction,

the boundary condition at this junction is given by KaT(W,y)/3x = V EJ (y)

where K is the thermal conductivity of the transistcr semiconductor material,

V is the emitter to collector voltage which is assumee to be nearly

entirely across the base collector junction and JC(y) is the minority

carrier current density at the base-collector junction. It is further

assumed that negligible heat is radiated or convected from the chip surface

to the ambient. Hence 3T/Ix = 0 at the chip surface between emitters. The

temperature dependence of the thermal conductivity of silicon as measured

-17-
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I=T Y

(00) T=Ts (OL) Y

Fig. 4: Region of analysis with assumed boundary conditions

for the steady state heat ficvw problez. Simuce the

temperature of the central emitter finger is raximim,

only this finger is consiiered. Due to syetry it is

necessary to analyze only half of the center finger.
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st ý ~isti& tkfr--a uM& rtV at -2~zT*r -~

iE s trz tbral c*Daiw-t~r at ec

The tempera~are TzrizatiCM ad=& zbe euitter-base jmntim is zOtilii

to calculate the teuratmre e erceOf ir~rimsic carrier- camtemtratizrzi

rM 'T) ama the emitter-base j&...zc lroltae T7. 13]- Te te Ura Wr

dependen-ce of r-2 in the I hincremzeat is expressed ss follow [10):

whiere

C 2^s a constant, indevenuient oit experature, andA E sois the width

of the energy gap extrapolated to absolute zero.

The experizental expression for the intrinsic carrier concentration for

silicon is given by [10"

16 -312 -7000/T -3 (7
n i(T) =3.88 x10 1 eCM(7
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distribution for mrrious design parameters and operating conditiomas hawe beeni

cai~iazed an ace- diiscussed in the next section

The stability of a particular operating condition of a specified power

transistor design is tested by introducing a temperature inpulse sozewhrere

near the enitter junction at a particular instant in time. The current

density and tezperature redistribuition at the e~ftter-base junction due to
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D DiffL-is=- contat for electrams

ee

- ~ affesicoa constan: for holes

E El~ectric field

E - If:dth of thle energyv gap extre-oatedaz to absolute 7xro

- spatial increnent for f-nite difference method

- ntern'al commm emitter gain-

h - spatial in-~nt in x-direction

ii - spatial nrmn in Y-zirect-,on

h- time increzent

H - half the enitter w'idth

1. - base current

1. - portion of base current injected intc emitter

1b - portion of base current w-hich rec-ozbines with holes ir. the base region

i current flowing in incremental resistors
R

J eelectron current density

- hole current density
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J - collector c=Tetfl densityC

k - Boltz==m constZat

K - Thermal con~zcti ity

L - emitter width

L- Length of emitter finger

L - diffusion length, of electrons in emitter regionce
X - number of increments in half the active base region

n - electron concentration

n - the average electron concentration in a incremental transistor

base region

n.. - intrinsic electron concentration1

n - equilibriun electron concentration in the active base region

p - hole concentration

p' - excess hole cencentration (p' = p - po)

S- equilibrium hole concentration in emitter-eo

- eqvilibrium hole concentration in the z7ctive base region

q - electron charge

R - incremental resistor

T - temperature

T - sink temperatures

t - Time

V - Voltage

V - Collector to Emitter voltage

V - Emitter base junction voltage

w - Base width

-26-



W - Collector body thickness

x - longitudinal direction

y - Transverse direction

Ay - width of each increment in the active base region

p - Mass density

p' - Charge density

a - Conductivity

C - Permittivity

Ydr - The fraction of transverse base current that is drift current

Th - Hole life time in base region

S- Electron life time in emitter region

le - Mobility of electrons

U eo - Low level injections electron mobility

eo- Low level electron mobility in base

Peeo - Low level electron mobility in emitter

Ph - Hole mobility

Sho - Low level injection hole mobility

Ihbo - Low level hole mobility in base

I
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B. Calculated Results for Specific Transistor Designs:

A PNP planar power transistor structure with design parameters listed

in Table I is analyzed. Once the operating conditions are specified the

steady-state current density and temperature distribution in the emitter

are plotted with the aid of a CalComp plotter. The following design

parameters are varied one at a time and the current and temperature distribution

at a given power density calculated:

1. Chip chickness

2. Base width

3. Emitter width

4. Base doping

The steady-state current density and temperature distributions have also

been calculated for different current and voltage operating points and

different heat sink temperatures. These curves are presented in Fig. 7

through 12. Thermal stability is tested in each of these cases by introducing

a temperature impulse of 3VC at a point (x,y) shown in Fig. 6 and following

the disturbance in time. The results of this test are given on each graph,

indicating stable or unstable behavior. In the case of thermal instabilicy,

the time constant for thermal run away is indicated.

1. Effect of Variina Collector Current and Voltage for a Given Operating

Power Level

The thermal problem encountered in operating a transistor at high voltages

at a given power level is indicated in Fig. 7. The central emitter finger of

the power transistor, shown in cross section in Fig. l(a), is taken to be

operating at ;0 watts dissipation, in the active mode. The current density

-28-



Table 1

Design Parameters for a PNP planar Power Transistor Structure

Parameter Description Value Unit

Pebo Low level electron mobility in base 1270.0 cm /V-sec

1hb° Low level hole mobility in base 487.5 cm /V-sec

11eeo Low level electron mobility in emitter 65.0 cm /V-sec

Th Hole lifetime in base region 25 psec

w Base width 20.0 )Im

Peo Equilibrium concentration of holes in em 1.5 x 10.20 p/cm

n. Intrinsic carrier con. at room temp.in S.1.5 x 1010 p/cm3
F

T Electron life time in emitter region 2.0 nsec
e

N No. of increments in half the base regiot 20 -

L Emitter finger length 2500.0 Pm

n The base doping 1.0 x 1015 p/cmT

H half the finger width 127.0 Jim

W Collector body thickness 3.0 mils

and temperature distribution in half of this emitter is shown in Fig. 7.

Note that the peak temperature achieved in the device is about 108 0 C when

operating at 20 Volts and 1.5 Amps., while a maximum temperature of only 620C

is reached at 7.5 volts and 4 amperes; this in spi~e of the extreme edge

"crowding" in the latter case. However the severe crowding in the latter

case results in a low groanded-emitter current gain, hFE of only 3.8. A

Ssomewhat reduced current level of 3 amps. gives much less crowding, an hFE

-29-
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,i:.a) Current density distributions along half the transistor

center finger base emitter junction and (b) tcperaturc distritztions

alo-g solf the centrail inger width calcuiatcd for the folloWitg

design parameters and operating conditions:

I j A

VC~ot)20.0 15.0 10. 0 /J .5YaMPS) 1.5 J 2.0 3.0 4.0 "

h F 36.7 I42.4 17.9 3.8

stability Jwa>Zable stbl stable stable

delay timec ~ .14. sal

Base Doping'= i x 10 15/cm

Emitter Doping = 1.5 x 1020 /cm3

Base Width = 20 vm

HoIc Life Time = 25 uis

Chip thickness = 3 mils (0.00762 cm)

Emitter Width = 10 mils (0.0254 cm)

iSink Tempcrature = 28.5°C

Emitter Finger Length = 2500 pm
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.l_1iserod ocrs before the silico 1ecos ixruisic-.

Z. Efect of XedwiM T?•sistor Grip rckmess

7he amitiai therna stability achieved bg tkmig m the tramsistzr

cbiv so that the beat in the dmrice cam be nre efficiemtly rmed byr the

beat sink is ueii kwv. Fig-. & b'wrez clearly deemstrats quritativeiy

t!ereC ti n . mi2 tem~przrae aciiered in re tramistvr emitter,

operating az a power :Orrel of --J uat~s, by redaiag the chLip thicknems f-rm

7 ails to ; ails. At 7 ails thickness a tespertare of 132% is reached

at the ezitter center, while the teperature tere only reases 56C% wim

the chip is thinned to 2 ails. A stability calculatioe indicates that the

dt-vice is subject to 2nd breakdow. for a chip thickness of 7 ails or sore,

but is stable for a thickness of S ni's or less, at Z-G watts dissipation.

Since the thin chip is essentiail:. isathersal, the transverse base current

causes crowding to the enitter edge and hence a sonewhat reduced h of 13.5.

The current gain for each of :he -four chip thickness considered is indicated

in Fig. 8 as well as the tine delay in the case of thermal run away which

is 0.51 rilliseconds.
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4.. Effect~s Of Base Midlth vrwiatiin_

Vide base utddth pouwr tzamiistars are foumi eeil to be Ue

stable thermally tha marro base, potentially hig ftere~y devicesla

operating at the sa power level. - his is confirmed by the reslts of

calaulatioms skosi in Fig. 10. The curret density and~rair

distributions are Sirem for devices varying in base frm 20 to 5 icrocms. The

lifetine of holes in the bvase is chosen so as ta normalize the cu:-rent gain

in each case to about 15 With time transisto2 collector opIerating at ;-P watts

dissipation, only the 20 azna 15 micronm base width devices are thermally

stable. As the base widthi is reduced to 10 and .5 macrons, theruall~y un-,able

operation is predicted and the time constant for thermal run away is reduced

asthe basewidth is decreas, d, 11is is due to severe crowding to the emitter

edge caused by the iarge tr.asyerse base voltage drop wehich results from high

base resistance due to the r.-ýrrowr- base laver. Note that the current
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Fig.. 9:- (a) Cuami i~sizy &szsr!2ioIzs 2alz haf zhe trm&Uisr

ceaz!uer frno bse emiter ;ttiazj amd ro) tgumerazwre

disoribotiams aln Ulf the CC=zra4 fint.er Widftb calculated

Vfur the followize dcs4s pmrm:etLs =~d .'ruativt codit~is

Siit lag C'C) 100.0 p 5.C 28.5 -25.0

~Stability_ vatabi e stable jstable stable

WytimeiNS) U3

Y = 10.0 volts

I- - 3.0 Amps

ase Doping = I O /oasaC

Emitter Dopim: = i.s x 02 /C le 3

Bse Vdt = 2C ;

Hole Lifetize =25 us

Chip Thicluess = 3 nils (0.02,762 c2)

Enitter Width- = 10 ails (0.0254 cm)

Emitter finger length =2500
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Fig. O: (a) Current density distributions along half the transistor

center finger base emitter junction and (b) temperature

distributions along half the central finger width calculated

for the following design parameters and operating conditions:

Symbol 13 + X

Base Width(irm) 20.0 15.0 10.0 5.0

Hole Lifetime(iis) 25.0 2.4 .86 .19

hFE 17.9 17.7 18.1 18.2

Stability stable stable unstable unstable

Delay time(ms) -. 17 .05

V = 10.0 volts

I E =3.0 amps

Base Doping 1 1 x 10 /cm

Emit',r Doping = 1.5 x 1020 /cm5

Chip Thickness = 3 mils (0.00762 cm)

Emitter Width 1 10 mils (0.0254 cm)

Sink Temperature = 28.5*C

Emitter Finger Length a 2500 Um
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density distribution plot of Fig. 10 is semilogarithuic and predicts a

current density ratio of more than 1000 to 1 from the emitter edge to the

emitter center in the case of the narrowest base layer. These results

indicate that other disign or operating power restrictions have to be

imposed in order to provide stable narrow base transistor operation. One

aid to stable high frequency transistor design is the narrowing of the emitter

finger widths. This is demonstrated in Fig. 11.

5. Effect of Varying Emitter Width

Narrowing of the emitter width keeping the same average current density

in each emitter, results in more uniform current devsity and temperature

distributions. Also the peak temperature in each emitter finger is reduced as

the fingers are narrowed. The wide emitter device tends to exhibit more edge

current crowding. Of course a device in which the emitter width has been

reduced by a factor of two should have twice as many fingers to be able to

compare transistors operating at equal power levels. That is, devices of

approximately the same total chip size operating at the same power level,

should be compared.

6. Effect of Varying Base Impurity Concentration

It is of interest to consider the effect of increasing the base donor

concentration, particularly for narrow base width transistors where the

transverse voltage drop due to intrinsic base resistance can cause severe

current crowding. The result of varying base doping by four orders of

magnitude, from 1013 to 1017 donor atoms/cm3 is shown in Fig. 12. Curves

are plotted both for the normal basc width (20 microns) and for the narrow
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SFig. 11: (2) Current density distributions along half the traasiztor

center finger base emitter junction and (b) teperat-c

distributions along haif the central finger width calculated

for the following design pararcters a•d pczrating conditiozs:

Symbol 0 +•[ X-

Enitter Width (zils)I 15.0 i 10.0 I 6.67 j5.3

IE(a'ps) 4.5 3.0 2.0 1.5

hFE 9.3 1 17.9 1s.2 17.4

stbiitstable Istable stable stabl

VCE = 10.0 volts

Base Doping = 1 x 10 /sA3

Emittcr Doping 1.3 x 1020 /c 3

Base Width = 20 um

Hole Lifetime = 25 Ps

Chip Thickness = 3 mils (0.00762 cm)

Sink Temperature = 28.5%C

Emitter Finger Length = 2500 Um
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30im &- 1 7 2

Isase udkc= 200 2. L01-

BbeLifetime( s)!r 25. 25 ____ 10.0

7.3 I15.4 10 , 0 ILs

'stability stable -stb!e :=siable notasble

IDeIzY Tizc(,Zs) .4 07______

VF = 10.0 volts

I 3.0 aWs

Emitter Doping = 1.5 x 10 23/cn 3

Chiip Thickness = 3 ails (0.03762 ca)

Emitter Width = 1.0 irils (0.0254 cn)

Sink Tezpcrature = 29.50C

Emitter finger length =2S5~ ; j
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It M&Sr to th he resm ts of the tbeareticoa calculation of

tie nittwr Crox d ityr am dmeisu i as weal as the

stable limitatin of an trsOistm, 4m w toche

Wed to be developed. The - -r p desity is a portim of the .itter of

a tramsistm c be c.-Icalated if the local eamitter-base juntion voltage

a td the t -eratue are knowv there. Electical probing 31mg the emitter

fingers was used to &-teraise the longitudimn junction voltage variatiom.

Thermal probing eploying bolesteric liquid crystals ws used to provide

a temperature napping of the silicam transistor chip surface. Finally a

crcauit as coastructed to stress the transistor to successively higher

• e levels to the point of 2md breakdoum and them suddenly switching off

the pmer to avoid thermal destructiom. In this aay tVi maximum stable

operating power for the device was determined.

A. Electrical Probz!ag:

The experinmenwal arrangement fcr voltage proting along the emitter

fingers is sketched in Fig. 13. The sharp steel ] robes may be placed at

different positions along the -nterdigited emittei and base metallization

and tie potential at these points determined with respect to the emitter

lead potential (taken as zero,'. Initially a determination was made of the

sheet resistance of the emitter and base metallizations. This sheet

resistance can be calculated from the formula

.X 1%SHEET RESISTANCE (OMS/SQUARE) (42)
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adore AT is the potential differeLce betwem ntwo success.ee points along

the mefsllization spaced a distsm:* L apart. I is the current and V is

the width of the netallization. =ig. 14 shoes a plot of AV in millivolts

versus I in amperes for the emitte7 metallizatiom of an 2N3263 power

transistor. The sheet resistance determined from the slope of this curve

is found to be 0.0042 COh per sqare for this alumium metallization.

In an attempt to investigate the uniformity of current emission along

the length of an emitter finger, the emitter-base junction voltage was

measured at the emitter lead end and a t the far end of the finger. If the

Jifference between these voltages (AVI and AV2 respectively) is negligible,

this would indicate uniform emission3 . However a large discrepancy betbeen

Sthese two potential differences would tend to indicate that the emitter

current flow is essentially cut off at the far end of the emitter finger.

A plot of (AV1 - I&V2 ) as a function of total emitter lead current shown

in Fig. 15 demonstrates that significant non-uniformity of emitter emission

begins to occur at a total emitter current of S amps. The initial slope

of this curve corresponds to the normal emitter metallization potential

drop. The potential drop along the base metallization is negligible over

the range of current values used. hence the base metallization may be taken

as equipotential.

3. The current density at any point along the emitter is assumed to
be exponentially dependent on the junction voltage there.

-34-
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It is also of interest to determine whether the outer emitter

fingers on the chip carry less current than the central finger at high

current levels, since the transistor chip will be cooler at the edges.

The result of probe measurements along an outer emitter finger and the

central finger are shown in Fig. 15.. The fact that the potential of the

central finger is higher than that of the outer finger at all current

levels can possibly be explained by the lower temperature at the edges of

the chip.

However a true determination of the current density distribution in

the transistor chip requires the independent measurement of both voltage

and temperature, simultaneously. Then the current density, IE, can be

calculated from the expression

-[E -q(V DR)
IE = CT3 exp{ leg EB+IBRBW ] (43)

nkT

where T is t' _ absolute temperature, E is the energy gap width, q is theg

electronic charge, VES is the emitter-base junction voltage, IB is the

base current, RB the base resistance, k is the Boltzmann constant, n is

a number between 1 and 2 and B is a proporticnality constant. The conclusions

of emitter end cutoff bnd outer finger cutoff are confirmed by interpreting

the data given in Table 2 wid. the aid of Eq. (43). The voltage diffeience

between the outer and central finger at a collector current of 7.5 Amps. is

consistent with an approximate temperature differential of 200C. However

a more precise determination of the current density distribution in the

chip requires a separate temperature determination and a method for making

this measurement will be described next.
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Central Emitter Finger End!Emitter Finger, : VCB
Ic(A) IB(mA) - V volts

__ _ EB EB EB -EB

1.5 20 725 my . 720 mv 725 my 720 my +0.40

3.0 30 705 700 705 700 +3.0

5.0 50 730 720 735 725 +2.12

5.0 70 780 770 780' 770 +0.52

7.5 70 705 685 715 695 +3..25

AVEB refers to the base contact end; AVEB' refers to the emitter contact end.

Table 21

B. Temperature Determination Using Liquid Crystals

Cholesteric liquid crystals were usedyvery'effectively to ploc the

isotherms on the surface of a 2N3263 transistor'chip while operating in the

active region [12]. Liquid crystal*, useful in different temperature ranges,

4
are readily'available commercially and their application on the surface of

a silicon chip is easy and in no way effect the characteristics of the

device. Some liquid crystals, when observed in white light, change color

over the complete spectrum (red to violet) due'to a temperature rise of

I0C, while others require a change of 50 0 C or more for this change to take

place. A variety of other ranges can be'obtained by mixing two liquid

crystals.

At first the various liquid crystals to be used had to be calibrated

for color versus temperature. For this purpose, thin aluminum lines were

fabricated on small glass slides by the process of evaporation, photoresisting

4. For example Varjn ight Corporation, 9770 Conklin Road, Cincinnati , Ohio.
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and then etching. Standard microelectronic techniques were used and line

widths from 10 to 40 Nils were obtained. The geometry of the aluminum

patterns used are shown in Fig. 16.

The effectiveness of using liquid crystals to detect temperature changes

on the surface of the .Actual transistor chip was tested with the help of

these slides by passing current through these Aluminum lines and observing

the color changes. From the color patterns observed and some calibration

curves, it was possible to plot the isotherms for these thin aluminum lines.

The reason for using aluminum is obvious as the emitter and base metallization

in-an actual transistor is also aluminum.

For calibration purposes these slides were placed in a grooved recess

on top of an accurately controlled hot-plate. A thermocouple was also

connected beneath the slide. A drop of liquid crystal was placed on the

slide (pre-blackened liquid cryst.l or, if the liquid crystal is colorless,

then a base coat of some inert black paint is applied to the surface before

putting on the liquid crystal for better detection and contrast of colors).

The temperature of the slide was raised very carefully and the various color

changes of the liquid crystal were observed. Thus in this way the various

available liquid crystals were accurately calibrated for color change

versus temperature. A typical set of calibration data is shown for Vari-light

Corporation's liquid crystals soltition VL-126190 which is effective in

the range 126 to 190 0 C, is shown in Table 3.

S. This black paint can later be removed easily using petroleum ether.

-6)-
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VL - 126190

LIVID CYSTAL SOUIT O

Color Temperature

Colorless > 190_ _ _

Colorless to Violet 1900C

Violet Center 1330C

Violet to Blue 170.50C

Blue Center 1650C

Blue to Dark Green 1600C

Dark Green Center 156.250 C
__________,_________,_________,,_______________________

Dark Green to Light Green 148 0C

Light Green Center 145 0C

Light Green to Orange 140 0C

Orange Center 1380C

Orange to Red 1330C
Red Center 130.5 0 C

Red to Colorless 126°C

Colorless < 126 0C

Table 3

-62-



Temperature isotherms on the surface of a 2Xi3263 transistcr chip

6operating in the active region were ncw plotted. A p!lot of these isftherms

is shown in Fig. 17. Mhile observing the tamperature distribution on the

nine emitter fingers of this interdigited device, the fingers were electrizally

probed, yielding the base-emitter voltage, V... at various points along each

of the emitter fingers. Assuning that this measured voltage was essentially

. 7across the emitter-base ju.:izon , the average emitter current density at

each point was calculated -siiag the expression

S= AT3exp(-E /nkT)exp(qVER/kT) [-,4)

The calculated average current densities at various points along the central

emitter finger of this device are plotted in Fig. 18.

Since n in Eq. j44) lies between 1.0 and 2.0 but is unknown, three different

curves are plotted for assumed values of n = 1.0, 1.5 and 2.0. In spite of

the fact that this uncertainity in n doesn't permit calculation of the

absolute value of the current densities, the relative current distribution

indi>-ated in Fig.18 is seen to be independent of n. This graph shows a

peaking of current density about half-way along the central emitter finger

and a tendency toward current cutoff at the end ot finger furthest from

the emitter feed lead.

Another set of curves depicting the current density variation along

each of the nine emitter fingers is shown in Fig. 19, Here an average value

of Ti = 1.5 is assumed for calculation purposes. In almost all cases the

6. The device was operated at an emitter current of 3 Amps; and a collector
potcritial of 3.7 Volts,

7. fhe IBRB base resistance drop was assumed to be negligible.
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current density again peaks nearly half-way along the various emitter

fingers. A curious result however is the averar- current density in the
two outer fingers_ (Mos. I and 9) is distinctly lower than all the other

fingers with the exception of no. 5. Cooling at the edges of the chip

would explain the lower current density estimated in the outer fingers but

doesn't explain the lower current density in finger No. 5. This cannot be

explained in terms of cooling via the emitter and base feed leads either.

It is concluded that although the general form of the isothermals shown

in Fig. 17 correspond to cooling from the edges of the chip, the symmetry

of the temperature distribution is skewed away from the emitter feed lead.

This can perhaps be explainel by hot spots in the middle of finger Nos.

and 7, and hence the higher zurrent den, .ty in these emitters as seen in

Fig. 19. The low current density in finger No. 5 may be due to high series

resistance.

Figs. 20a, 20b and 20c show color photos of the transistor zhip

coated with liquid crystals at various emitter current levels. The photo

in Fig. 20a is taken at a comparitively lower emitter current than Fig. 20b

and 20c and one can see that the heating is quite non-uniform and skewed

towards the right. This non--uniformity is more pronounced in the photos

of Fig. 20b and 20c, which are at almost double the current level ab compared

to Fig. 20a. Here it depicts quite distinctly that the left half of the

transistor is rather cold as compared to the right half and that even in

the right half some regions are more hot than the others, the difference

being as much as about 60*C (between violet and red). This non-uniformity

in heating of the transistor chip especially at high current levels may be
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accounted for by improper heat sinking or the change of transistor

characteristics and possible damage due to previous 2nd breakdown testing

or other stressing. Dramatic skewing has been observed in transistors that

have been previously tested numerous times for 2nd breakdown.

A similar isotherm plot was made, this time for a brand new transistor,

untouched except by the manufacturer. This plot is shown in Fig. 21. From

this again the transistor chip is hottest near the cenr6r, with the hottest

portion again slightly skewed towards the right. The 9th finger (finger on

the extreme right) is hotter as compared to finger 1 (extreme left). This

may be why fingers I and 2 are carrying less current than the others as

shown in Fig. 22 which d3picts a plot of the calculated current density

for the various fingers for r, = 1.5. It appears from these curves that the

bottom left hand corner of the transistor chip is the coldest and conducts

minimum current as compared to the rest of the transistor chip. Fingers

5,6,7 being the hottest carry the maximum current.

The conclusion that can be dawn from all of these curves is that the

central portion of the transistor chip in general conducts most of the

current. The boundary of tha chip conducts much less current, particularly

the corner near the emitter lead end. Another point to note is that the

emitter regions are nitter than the adjoining base contact areas since the

former are carrying substantially more current. Hence, in fact, the area

of the chip which is conducting is substantially less than the total chip

area. This is in contrast to the casc of a conventional thyrister in which

nearly the whole chip conducts current when the device i. switched on. This

partially accounts for the vastly greater current handling capability of

thyristers compared to transistors available commercially today.
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F.,
B. Measurement of 2nd Breakdown Limitation on Commercial Power Transistors:.

1. The Test Circuit:

In order to determine the second breakdown characteristics of various

power transistors under DC and pulsed dondit.ions, it is necessary to cause

the device to go into a condition of second breakdown, detect this condition,

and then immediately remove power from the device before it is destroyed.

Fig. 23 shows a block diagram of the .test set which was constructed to

prevent destruction of power devices during forward-bias second-breakdown

testing. This test. set takes advantage of the distinct changes that occur

in collector current and voltage at the initiation of second breakdown.

The collector-emitter voltage of the transistor suddenly drops to a low

value, while the collector current rises rapidly to a high value. This

rapid rise of collector current is detected by the second breakdown (S/B)

sensor, a low-inductance ail-core transformer in series with the collector

of the test transistor and coupled to a high gain amplifier. The output

of the S/B sensor triggers the cut-out latch which reverse biases the

series-pass transistor causing the collector current of the test transistor

to decrease to zero.

The operating point at which the transistor is to be tested is

established by adjusting the base drive to the test transistor and the

power supply voltage, Vr'CC which appears across the test transistor,

series pass transistor, and a one ohm current sensing resistor. Once the

desired level of collector current has been set by the Test Current Adjust

potentiometor, it is maintained at that value throighout the test by a

feedback network consisting of a current sensing resistor and differential



amplifier.

The collector-to-emitter voltage of the series-pass transistor is

maintained at a constant value independent of test current by a feedback

network consisting of a collector voltage sensor and a differential amplifier.

This circuit is incorporated to insure that the series-pass transistor is

operating in the active region during normal operation, thereby minimizing

turn-off time of the test transistor when second breakdown occurs.

' If the test transistor has large leakage current, or if a slow thermal

runaway occurs, the collector current does not rise fast enough to be

detected by the S/B sensor and other means must be used to protect the

device. This is done by sensing the collector current level and triggering

the cut out latch when this level exceeds a predetermined value.

The schematic diagram-for the forward bias second-breakdown test set

are shown in Figs. 24,2• and 26. This facility is capable of making second-

breakdown tests at collector current levels up to 8 Amps and collector-to-

emitter voltage levels up to 350 volts.

A test is initiated by either closing the Test switch for DC operation

or applying a -10 volt pulse to the input of the current regulator for

pulsed operation as shown in Fig. 24. The setting of the Test Current

Adjust potentiometer determines the collector current level at which the

test is being made. The current-sensing feedback loop is arranged so that

only actual collector current flow5 through the one ohm sensing resistor,

thus assuring accuracy of the test.

Stabilization of the current regulator is achieved by means of the

100 microfarad capacitor at the output of Q14 and the 0.039 microfarad

-- 4-
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capacitor at the base of Q17. It is difficult to stabilize the current

regulator for all devices to be tested and at all test currents and

voltages within the test set ratings because the gain-bandwidth product,

fT of the test transistor depends on the particular device being tested

and is a function of the voltage and current levels of the test. Also, the

response time of the current regulator must be sufficiently slow to prevent

the S/B sensor from triggering the cut-out latch at the beginning of a test

which would incorrectly indicate a second breakdown. Because of these

restrictions on the response time of the current regulator, the minimuii

test current pulse width that can be applied to the test transistor during

pulsed operation is 10.0 milliseconds.

The circuit for regulating the collector-to-emitter voltage of the

series-pass transistor is shown in Fig. 25. This voltage is varied by

adjusting the voltage 4djust potentiometer which establishes a reference

voltage at the input of the differential amplifier, Q6. Stabilization of

the voltage regulator is achieved by means of the 500 microfarad capacitor

at the output of Qo and the 0.015 microfarad capacitor at the base of Q9.

0.18 and its associated circuitry maintain a charge on the 500 microfarad

capacitor while the test set is in a latched condition. This speeds up the

recovery time of the voltage regulator when che cut-out latch is reset.

Q7 turns Q9 off during a latched condition which minimizes the current

handling requirements of Q10, a low-power high-speed switch. This, and the

operation of the series-pass transistors, Q12 and Q13, in the active region

assuye: that the test transistor is turned off within one microsecond after

second breakdown occurs.
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When the second breakdown occurs, the rate of change of collector current

is large, inducing a positive voltage at the input of differential amplifier

Q2 as shown in Fig. 26. Overvoltage protection for the input of Q2 is

provided for by diode Dl and the five kilohm potentiometer at tL.e input of

Q2 adjusts the sensitivity of the S/B sense circuitry.

Differential amplifier Ql detects a condition of slow thermal runaway.

The current level at which Ql triggers is determined by the setting of the

five kilohm potentiometer at the input of this ampli. r. Diode D4 provides

positive feedback for differential amplifier Q3. Thus, once a condition of

second breakdown or slow thermal runaway occurs, Q3 will remain in a latched

state until the reset push button is depressed, holding the test transistor

in an off condition.

2. Experimental Results on Second Breakdown:

Experimental studies of the forward-biased second breakdown characteristics

of various commercial power transistor were conducted under DC and pulsed

conditions and for various device case temperatures. The S/B Test Set was

used during these studies to prevent destruction of the devices being

examined. To stabilize the case temperature of the device under test, all

measurements were performed with the device mounted on a water cooled heat

sink having a thermal resistance of approximately 0.1 degrees centigrade

per watt. Device case temperature was monitored by means of a theinocouple

affixed to the heat sink adjacent to the device.

The second breakdown locus for a given device is determined by first

setting ip the desired collector current level at which the test is to be

made by icans of the Test CUrrent Adjust potentiometer. This is done with
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"th:e collector voltage supply set at some low value. Then the collector

voltage level is incrementally in:reased until second breakdown occurs within

the test period. After a single point on the curve has been experimentally

determined, the validity of the measurement and an approximate indication of

device degradation is checked by repeating the test with the collector supply

voltage reduced by one volt; second breakdown should not occur within the

test period.

The experimentally determined loci of the breakdown characteristics

for the type 2N3054, 2N3772, and 2N3055 power transistors are shown

in Figs. 27, 28 and 29, respectively. The type 2N3054 is a 4 ampere, 25 watt

device; the 2N3772 is rated at 30 amps, 150 watts; and the 2N3055 is rated

at 15 ampere and 117 watts. All are silicon devices having single diffused

"homotaxial"structureF. Base resistivity of these transistors is 7-12 ohm-

centimeters and each has a base width of 0.65 mils yielding a minimum

gain bandwidth product, fT' of 800 kilohertz.

An estimate of the thermal-equilibrium junction temperature by means

of the manufacturers specification of junction-to-case thermal resistance

and experimentally determined second-breakdown power levels yielded

expected junction operating temperatures in excess of 400 degrees centigrade

if the devices were tested under DC conditions. Therefore, the S/B test

time was limited to 2.5 seconds to prevent device degradation or destruction

by normal thermal runaway.

The primary breakdown (P/B) loci in these figures are plots of open-

base collector--o-emitter breakdown voltage for the respective devices. The

similarity of tho S/B characteristics of these devices such as: the power
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levels at which S/B occurs being much greater than the rated power dissipation

levels and the concave downward shapes of the S/B loci may be attributed to

the fact that the three types of devices tested have similar structures.

Results of a preliminary investigation of the temperature dependence

of second breakdown are also shown in Fig. 29. In order to more accurately,

determine case temperature, these tests were conducted under DC conditions

and S/B measurements were made only after the device had reached thermal

equilibrium.

Breakdown characteristics for the type 2N3263 medium-frequency

power device are shown in Figs. 30,31, and 32. This device is of the'

diffused emitter dual epitaxial layer type having, maximum ratings of 25

amperes collector current and 125 watts collector dissipation. It has a base

width of 0.10 mils and a minimum fT of 20 megahertz.

Figure 30 clearly shows that for values of collector-to-emitter

voltage greater than 25 volts and less than that which causes primary breakdown,

the maximum DC power level the device can be operated at is determined by

the DC S/B characteristics, not the maximum DC power dissipation rating of

the device. Also, for a constant operating power level within this region,

the device is more stable operating at low voltage, high current compared to

operation at high voltage, low current.

A preliminary investigation of S/B characteristics as a function of

collector current pulsq width is shown in Fig. 31. Bicause of tne previously

mentioned limitations of the S./B Test Set under pulsed operation, modification

of the present S/B Tes, Set or the construction of another test facility

that will generate coliector current pulse widths in the microsecond region is

in order. High frequency behavior of S/B also needs to be investigated.
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The temperature dependence of S/B for the type 2N3263 is shown

in Fig. 32. It is interesting to note that for this device, an increase

in case temperature while operating at high currenr, low voltagedegrades

device stability whereas it improves the stability of zhe device when

operatio,1 is at lo, current, high voltage. This su£tsts further

investigation of the temperature dependence of S/B '4.th improved

methods of controlling and measuring device temper ture.

It was decided to investigate, in a precise .,'nner, the concept of

measuring the emitter-base diode voltage at a fixed value of current as

an indication of device temperature. The questiun posed was, "where in

the device structure is the temperature being measured by this technique?"

Considering that the application of only 1 milliampere of current to a

transistor such as the 2N2405 will provide uniform current flow and that

this current is mainly provided by space-chzcge generated flow, the diode

current-voltage relationship may be written as

I = BT3 / 2exp(-E /2kT)( exp(qV/2kT) - 1]. (45)

The experimental verification of this relationship as a function of

temperatire is shown in Fig. 33 and yields a value for B = 2.78 x 10.-3

If this transistor is now operattd at a high power level, the emitter

current-voltage relationship may now be modeled as

nf
IE = A I T'exp(-E /bkT ij)exp(qVBE/nkTij), (46)

i1_ I j=l

where th- two-dimensional transistor emitter is nou considered to be

composed of n x p individ''al emitters connected in parallel. This model
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is the one that has previously been used in this program to calculate the

current and temperature distribution in an emitte:- finger cross section,

but their variations along the finger were ignored.

A computer program has been devised to yield a value for the emitter-

base voltage for a transistor operating with an arbitrary temperature

distribution, with a small current applied. This would tend to show what

temperature is in fact being indicated by this technique of measuring the

junction voltage for a small applied current.

It was found that for various temperature distributions such as a

linear distribution, a gaussian distribution and a temperature impulse

(corresponding to a "hot spot") yielded results that tended to indicate

a junction temperature that was the arithrs,.ýtic average of the assumed

temperature distribution. The temperature: -ohich would be measured

electrically by this technique for a typ.:•l emitter temperature distribution

(previously calculated) is shown in Fig. 34. Again approximately an

arithmetic average is "measured".
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ndIV. METHODS OF II4PROV-MENT OF 2 BREAKDOWN TRANSISTOR BEHAVIOR

The method of emitter ballasting to improve the second breakdown

behavior of power transistors has been practiced for some time by

manufacturers of these devices. Nichrome thin film resistors are usually

deposited on the silicon chip and electrically connected in series with

each of the emitter fingers of the interdigited device. Should a spurious

hct spot occur in any one of theF fingers, additional current will tend

to be drawn by this emitter, causing an additional voltage drop across the

balast resistors in series with it, which in turn tends to reduce this

cu"Tent increase. Thii stabilizing feedback mechanisi cpends indirectly

on the local temperature rise through a current increase which is sensed

and limited by a ballast resistor. A more direct approach to the problem

would be to sense the temperature rise directly and provide a feedback

mechanism to cutoff the excess current flow caused vY this temperature

increase, since it is the latter which can destroy the device. A technique

for accomplishing this end is proposed involving a thin film resistor with

a negative temperature coefficient which shunts the emitter-base junction

locally, thereby limiting the increase of current to an emitter finger

which undergoes a spurious temperature rise. First the computation of the

proper value of emitter ballast resistor for a given transistor design will

be discussed.

A. Ccmputer Calculation of the SLabilizing Effect of Emitter Ballasting:

The manner in which the maximum power that a given transistor design

can handle (free from 2nd breakdown) can be calculated along the lines

described in Section II. It is of interest to determine the improvement
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in the power handling capability of a specified transistor design, caused

by the addition of uifferent values of ballasting resistors. The technique

Sfor carrying out this cGo-puter-aided calculation is as follows: First

calculate the steady-state current density and temperature distribution in

the emitter of a transistor of a given design operating at a certain power

level, as indicateci in Section II. Now note the emitter-base junction

"voltage, VBE, which is needed to sustain the specified emitter current. Next

assume a particular value of series ballast resistor to be placed in series

with the emitter, calculate the voltage drop across the resistor due to the

current flow and add this to VBE to yield the applied voltage, VA. New

asJume a temperature impulse of a few degrees somewhere under the emitter

and recalculate the current density distribution due to this incremental

change in the temperature distribution. Then recalcukate the new temp-

erature distribution, etc., following the time-dependent heat flow analysis

outlined in Section II, this time maintaining a fixed applied voltage, VA'

The emitter-base voltage, VBE, at each instant is obtained by subtracting

the drop across the ballast resistor from the assumed constant applied

voltage, VA. The criteria for 2nd breakdown is, as before, when each

successive iteration yields :ontinuously increasing temperature values.

If stability is predicted by a settling down of the temperature rise due

to the initial tcmperature impulse, successively higher applied voltages

can ')e assumed until instability is predicted. Now the new power capaoility

of the given transistor design with a specific value of ballast resistar

has been determined. Calculations along these lines are being pursued and

the stabilizing effect of emitter ballasting for different transistor designs

are being investigated.
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B. Temperature Sensing Stabilization:

In the Fourth Monthly Report a possible alternative to the idea of

emitter ballasting was suggested. Since the temperature rise is the

intrinsic cause of power transistor thermal run away, it was proposed that

a temperature sensing device which automatically reduces the current flow

to a locally heated emitter finger would be more appropriate than the

current limiting action of an emitter ballast resistor. The scheme envisaged

is shown in Fig. 35. The resistor marked R is a thin film semiconductor

resistor which is in good thermal contact with the transistor and can

bypass-to-ground excess base current caused by internal heating of the

transistor. Since a germanium resistor has a negative temperature coefficient

of resistance starting near 1000C, such a device would appear to be ideal

for this purpose.

Hence it is of interest to compute the resistance variation of a pure

germanium resistor in ;ts intrinsic range. The germanium resistance value

is given by

R =.(46)
Ge aA niq(un + p )A

where Z is the length and A the cross sectional area of the resistor, p pn P

are the electron and hole mobilities, n. the intrinsic density of carriersi

and q is the electronic charge. Introducing the temperature dependence of

ni, P n and P , Eq. (46) becomes

RGe T 3/2ge E/2kT 3900(300/T)1.7 + 1900(300/T)2.3 (47)
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Fig. 3S: Circuit for Transistor Thermal Stabilization Using
a Semiconductor Temrerature Sensing Stabilizing
Resistor, R.
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F where C is a constant, independent of temperature. Since the exponential

term dominates the temperature dependence, Lq. (47) may be approximated by

RGe cE/2kT (48)

Using instead the data on n. for germanium of Morin and Maits

R Ge@473 0 C Ge 22. (49)

RGe@373 0 C

Hence the germanium resistance will decrease approximately by a factor

of 22 as the transistor temperature rises from room temperature to 2000C.

If the transistor is driven from a current source, the decreasing

value of the germanium resistor with transistor heating will tend to cause

the input current to bypass to ground, preventing the device from over-

heating. If the transistor is driven from a voltage source, the germanium

resistor will decrease in value below the resistor RB in series with the

transistor base connection and again the input current will be divertea

to ground. The resistor RB required will now be much lower in value than

that needed to limit the base current, if no germanium shunting resistor

were employed. An analysis indicates that the base resistor required is

given by
[1 - + B__

_ _RB L_____ 1 (SO)
(+)(FE1/hFE2) IBB [1 ____ +B

where a represents the ratio of the semiconductor resistance value, R1,

at low temperature, Ti, to that at a high temperature, T2 , a = RI/R8B

Y = VEB 2 /VEBI, hFEI and h FE2 represent the ratio of the transistor current
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gains at low and high tceperature and 1I is the transistor base currznt

at low temperature. The value of Rb so calculated will insure that the

collector current at high teimperature will just equal that set by 1BI at

low temperature.

The derivation of Eq. (50) may be obtained by writing the following

circuit equation, assuming VA = 1 for simplicity:

VA = 1 (51a)

I - V =BIAR (Slb)

V = IBR (SIc)

IA I B + IR (51d)

Combining these equations gives

I - I B RB W ll B 18 )IR - =R

R + RB (1 + R/RB)

If the device parameters and current values at the initial device temperature

is denoted by the subscript 1 and the subscript 2 denotes c. higher

temperature that the device is suddenly raised to, we can write

IR1 R (1 /1 ZB I B2) (1 R1/ReB)- (52)
1R2 (1/RB I 'B1)(1 + R2 /RB)

Defining R, = R1 /a and R = R /8 = aR /3, where a is determined by the
- 1 B 1 2

temperature variation of the Ge re-istor, Eq. (52) becomes

IRI I/RB - IB2 1 + 
(- ( ' - ) ( i l o) (

IR2 1/RB - IB
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Now efinng MIM WP RI IR:/a I~t1 Eq. (S3) can be

written as

T((I + (1R 3 -IB) (IR 5 -0(0)

(1 

1 

B)

For stabilization let us require that I C2 I IC so that h FEI = "E2IB2'

using the definition of the gro• de-emitter current gain. hF.I The value

of % required can now be witten as in Eq. (50). R, is obtained from

% after a value of B is chosen. From good current gain considerations

B should be about S or more and a and Y are known fxu. semiconductor theory,

once the temperature dependence of hFE is defined, so that all porameters

are deterv'ned. As a sample calculation, let us assume that is

temperature independent and IC2 =CI then

I El De (E(55)IVO
I -(E -qV )/nkT (SS)

E2 De £-BE2 T2

where D and ri are assumed constant and independent of temperature. Solving

for y = VBE 2 /VBE1 yieids

VBE T2 T2VBE2 T-2 T2 )Eg/qV (56)

VBEl

and assuming E % 2qVBEI for silicon junctions,

y = VBE2/VBE ,•1 (2 - 2/T1))

so that y can be calcuiated.

The details of the practical implementation of this invention are

being pursued.
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VI. Conclusions amd Future Ibrk

A techmiqme has been developed for the theoretical amalysis of the thermal

behavior of various power transistor structures operting in the active region

at low frequencies. Computatim of the electric rrest t flow problem

yields a prediction of time stead-state t •erature and curEst distributim

in a gives interdigited transistor design. Smhuld the specified operating

power be to high, excessively elevated temperatures will be predicted and the

semiconductor material will be raised into its "intrinsic" range, resulting in

ordinary thermal rumaay. In addition, a device operating mormally in the

steady-rtate, at a relatively high power level, cam become tasble if a spurious

temperature rise occurs somewhere in the transistor chip. For them a "lateral--

thermal instability may be predicted causing a wery local concentratiom of

current at the hot spot and resulting in a coatinmously increasing tmperature

there, in time. This constitutes a rmdel for forward second breakdowm. A

stu4y of the effect of device design parameters such as chip thickness, bese

width, emitter width, base impurity concentration, etc., om thermal stability

has yielded information which may be used to optimize power tramsistor design.

Experimental probing of the transistor temperature distribution, using

cholesteric liquid crystals, coupled with voltage probing along emitter fingers

has yielded information on the temperature and current distributions in a DC

operating de-tice. Actual DC and pulse testing of transistors has supplied data

on the maximum power capability of commercial devices, particularly versus case

temperature.

Future work will include the following areas:

1. Theoretical evaluation of the temperature sensing germanium resistor

method of transistor thermal stabilization versus the ordinary emitter

resistor ballasting scheme.

2. A coupling of the technique of liquid crystal temperature probing with

the :econd breakdown test circuit, in order to pursue thermal studies

near the device instability point.

3. An extension of the theoretical study of thermal instability to high

frequency and pulsed transistor operation.
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